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FINAL  REPORT 


WORKSHOP  ON  APPLICATIONS  AND  RESEARCH  STRATEGIES 

FOR 

QUASI-OPTICAL  POWER  COMBINING 
WORKSHOP  OBJECTIVES 

To  assemble  key  researchers  in  the  field  of  quasi-optical  power  combining,  along  with  principal 
representatives  of  industry  and  the  government  who  would  have  potential  applications  for  this 
technology.  To  discuss  the  prospects  for  military  and  commercial  applications  of  quasi-optical 
power  combining.  To  identify  key  technical  issues  remaining  to  be  resolved  for  system 
application. 

DATE  AND  LOCATION  OF  WORKSHOP 

The  workshop  was  held  on  December  4,  1995  in  Raleigh,  North  Carolina  at  the  Brownstone 
Hotel. 


WORKSHOP  AGENDA 

The  workshop  followed  the  agenda  given  below: 

0830  Welcome 

0845  Meeting  Objectives 

0900  State  of  the  Art  of  Quasi-Optical  Combining  and  University  Research 
1000  Industry  Issues  for  Application  of  Quasi-Optical  Devices,  Systems 
1 100  Military  System  Issues  for  Application  of  Quasi-Optical  Techniques 
1200  Lunch 

1300  Panel  Discussion  with  Industry  /  Military  /  University  Experts 
1400  Panel  Deliberations  (Open  to  panel  members  only) 

1530.  Presentation  of  Panel  Findings  to  Director  of  the  Army  Research  Office 

WORKSHOP  PANEL  MEMBERS  AND  ATTENDEES 


Panel  Members: 


L.  Brockman 
W.  Gelnovatch 
W.  Carroway 
P.  Greiling 

D.  Westervelt 
W.  Komegay 

M.  Stroscio 

E.  Reedy 


Lockheed  Martin 

Army  Research  Laboratory  (Panel  Chair) 

Army  Missile  Command 

Hughes  Research  Laboratory 

Harvard  University 

MIT/Lincoln  Laboratory 

ARO 

Ga.  Tech. 


Attendees; 


J.  Mink 
M.  Steer 
J.  Harvey 
D.  Rutledge 
Z.  Popovic 
T.  Itoh 
F.  Schwering 
B.  Perlman 
R.  York 


NCSU 
NCSU 
ARO 
Cal.  Tech. 

Univ  of  Colorado 
UCLA 
CECOM 
USARL 

UC  Santa  Barbara 


CONCLUSION  OF  WORKSHOP 


As  indicated  by  the  agenda,  the  state-of-the-art  quasi-optical  techniques  was  presented  by 
university  and  industrial  representatives.  This  was  followed  by  open  discussion.  General 
conclusion  of  the  workshop  was  that  quasi-optical  techniques  hold  promise  for  the  generation  of 
large  power  levels  at  millimeter  wavelengths.  All  presentation  material  is  attached. 

Much  research  to  date  focused  upon  self-oscillating  technique  which  demonstrated  that 
significant  power  could  be  generated  in  the  microwave  region  of  the  EM  spectrum.  A  significant 
result  of  this  workshop  was  that  military  and  potential  industrial  systems  require  amplifying 
systems.  This  requirement  is  a  result  of  advanced  signal  processing  techniques  utilized  by  current 
systems  and  the  need  for  low  noise. 

From  the  technical  point  of  view,  concerning  quasi-optical  systems,  two  major  issues  were 
determined.  First,  that  with  the  complexity  and  close  coupling  of  many  active  devices,  further 
advancements  will  require  the  development  of  computer  aided  tools  to  design  such  systems.  The 
systems  are  just  to  complex  and  cover  a  wide  spectrum  of  techniques  to  be  resolved  through 
analytical  techniques  alone.  The  second  major  finding  of  the  workshop  was  that  thermal 
problems  may  limit  the  overall  performance  of  quasi-optical  systems.  Since,  the  active  devices 
will  be  embedded  in  large  arrays  and  because  of  electromagnetic  considerations,  they  may  not 
have  adequate  heat  removal.  This  is  an  issue  that  must  be  addressed  and  further  research  is 
required. 

At  the  request  of  the  sponsor,  the  panel  conclusions  are  not  known  to  the  author  since  the  panel 
provided  its  recommendations  directly  to  Dr.  lafrate,  Director,  Army  Research  Office  and  they 
were  not  made  public. 

J.  Mink 


M.  Steer 


OUTLINE  OF  PRESENTATION 


u 

< 

CQ 


Q 

w 

w 

PCh 

o 


♦ 


u 

HH 

o 


(X) 

< 

a 

p-l 

o 

cn 

w 


hJ 


< 

tiH 


H 

Pi 

< 

W 

K 

H 

P-i 

o 

I 

w 

H 

< 


♦ 


CONCLUSIONS 


WHY  QUASI-OPTICAL  DEVICES 


Oh  W 

m  ^ 
^  c 

H  H 

O  ^ 

Uh  X 

m  H 

5  s 

2  Q 

f75  W- 


rx 

o  ^ 

u  Q 
o  ^ 

H  < 


w  sc 
5  u 

w  ^ 

S  W 

m 

CD  <3 

^  o 

K  O 

H  ^ 


Q 

W  H 

3  § 

m  O 
U 


MANY  ACTIVE  ELEMENTS  MAY  BE  UTILIZED 


SIMILARITY  TO  THE  LASER 
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COMPARISON  TO  LASER 


Types  of  quasi-optical  sources 


EM  Field 


CLASSES  OF  QUASI-OPTICAL 

OSCILLATORS:  I 
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OPEN  RESONATOR  CONFIGURATION 


CLASSES  OF  QUASI-OPTICAL 

OSCILLATORS;  II 
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GRID  OSCILLATOR  CONFIGURATION 


CLASSES  OF  QUASI-OPTIGAL 
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SLAB-RESONATOR  CONFIGURATION 


REPORTED  QUASl-OPTICAL 
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TWO  DIMENSIONAL  QUASI-OPTICAL  POWER 
COMBINING  FOR  MILLIMETER-WAVE 
COMMUNICATIONS 


iVlAR  05  1996 


M.  B.  Steer 


Electronics  Research  Laboratory 
North  Carolina  State  University 


mbs@ncsu.edu 


919-515-5191 


Outline 


•  Overview  of  Quasi-Optical  Power  Combining 

•  Two-Dimensional  Quasioptical  Power  Combining  System 

•  A  Quasi-Optical  2D  Power  Combining  Oscillator 

•  A  Quasi-Optical  2D  Power  Combining  Amplifier 

•  Future  Directions  and  Needs  of  Quasioptical  Power  Combining 
What  is  required  to  make  active  quasi-optics  a 
military/commercial  reality 


Contributors 


MAR  1)51996 


C.  Hicks,  S.  irrgang,  S.  Zeisberg.  A.  Schuenemann, 

T.  Nutesson,  G.  P.  Monahan  H.  Hwang,  J.  W.  Mink 

Electronics  Research  Laboratory  North  Carolina  State  University 

F.  K.  Schwering  U.S.  Army  CECOM 

A.  Paoiella  U.S.  Army  Research  Laboratory 
J.  Harvey  U.S.  Army  Research  Office 


ALSO 

D.  Rutledge,  Z.  Popovic,  R.  York,  A.  Mortazawi 


Applications 


Where  Ever  You  Need  More  Power  than  Can  be  Obtained  From  A 
single  Solid-State  Device 

1.  Near  Vehicle  Detection  Radar  (Collision  Avoidance  Radar) 

2.  Millimeter-Wave  LAN’s  (e.g.  60  GHz) 

3.  Cellular  Radio  Base  Stations 

4.  Active  Missile  Seekers 

5.  Millimeter-Wave  Imaging  (1004-  GHz)  Detection  of  Plastics 
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Free  Space  Combining 


2D  Power  Combiner 
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CAE  Issues  | 


1.  Hendiing  Device-Field  Intersctions  in  a  Non-Planar  Environment. 

—  Modeling  Paradigm 

—  DC-to-Daylight  Modeling 

2.  Handling  a  Very  Large  Number  of  Active  Devices  in  Steady- State 
Harmonic  Balance  Analysis. 

3.  Optimization  in  Design  Requires  Steady-State  Methods. 

4.  Handling  Distributed  High  Q  Passive  Components  in  Transient 
Analysis.  Turn-on  Stability  is  a  major  concern. 


5.  Wholistic  Approach  required  to  Achieve  High  Efficiencies. 
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•  Lens  Development 


•  Leaky-Wave  Antenna  Development 


Circuit  Model /CAE  Tool  Development 
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The  2-D  System  With  Convex/Concave  Lenses| 
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Insertion  Loss  Of  Amplifiers  Inside  System 
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\Ey\  Patterns  Before  and  After  The  Lenses 
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Summary 


•  A  Viable  Method  of  2D  Quasi-Optical  Power  Combining 
Has  Been  Demonstrated 

•  Amenable  to  Fabrication  Using  Photolithographic  Techniques  and 
MMIC  Technology 

•  Smaller  Size  Because  of  Dielectric 

•  No  Significant  Thermal  Dissipation  Problem 

•  Resistive  Driving  Point  Impedance  Greater  Than  for  Open-Cavity 
Structures 


"N 


...  Summary 


Requirements: 

s  Circuit  Model/CAE  Tool  Development 

•  Development  of  a  calibrated  measurement  system 

•  Development  of  analytic  and  numerical  techniques 

•  The  Lack  of  Computer  Aided  Engineering  Tools  is  the  Major 
Impediment  to  the  Development  of  Quasi-Optical  Systems 

•  Field  Analysis  Tools 

31 


•  Transient  Analysis  (Spice) 


•  Steady  State  Analysis  (Harmonic  Balance) 

•  In  the  U.S.  addressed  by  two  Small  Business  Innovative  Research 
Programs 

•  MICOM/USARO  Scientific  Research  Associates 

working  with  North  Carolina  State  University 
Custom  Quasi-Optical  Tools 


•  ARPA  Compact  Software 

working  with  University  of  Colarado  at  Boulder  ii  North 

Carolina  State  University 

Augmentation  of  Existing  Tools 


^99R 
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ELECTROMAGNETIC  MODELING  OF  QUASI-OPTICAL 
POWER  COMBINERS 

Todd  W.  Nuteson 

Ph.D.  Preliminary  Oral  Exam 
April  1,  1996 

10:00  am,  406  Daniels  Hall 


Electronics  Research  Laboratory 
North  Carolina  State  University 
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[Outlin^ 

•  Overview  of  Quasi-Optical  Power  Combining 

•  Electromagnetic  Modeling 

-  Quasi-Optical  Green’s  Functions 
—  Method  of  Moments  (MoM) 

•  Quasi-Optical  Systems 

—  Open  Cavity  Resonator 
—  Grid  Amplifier  System 


•  Summary 


Cascaded  Oscillator  and  Amplifier  Power  Combiner 
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CAE  Tool  Development  I 

•  The  Lack  of  Computer  Aided  Engineering  Tools  is  the  Major 
Impediment  to  the  Development  of  Quasi-Optical  Systems 

•  Development  of  Analytic  and  Numerical  Techniques 

-  Field  Analysis  Tools 

-  Transient  Analysis  (Spice) 

-  Steady  State  Analysis  (Harmonic  Balance) 


Open  Cavity  Resonator  Dyadic  Green’s  Function 
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Electric  Field  Integral  Equation  &,  MoM 


Total  Tangential  Electric  Field  on  Conductor  Surface  is  Zero; 

-Er‘(i^.y)  =  Er(x,y) 

Scattered  Electric  Field  Relationship  to  Dyadic  Green’s  Function; 


Er*(x,y)  = 


Ge  -Js  (■3^^  y')  dx'dy' 


Current  Density  Expanded  in  a  Set  of  N  Basis  Functions; 

N 


Expansion  and  Testing  (Galerkin  Method)  Yield  Matrix  Equation; 

[Z]  [I]  =  [V]  - 


Solve  for  Unknown  Currents  /, 
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Incident  Field  Produced  From: 

—  Coaxial  Current  Probe 

—  Delta-Gap  Voltage  Generator 

-  Incident  Plane-Wave 

-  Incident  Gaussian  Beam-Mode 
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Method  of  Moments  Flowchart 
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Driving  Point  Impedance  of  the  Patch  Antenna 


half-space  cavity 

D  =  62.05cm 


solid  line:  MoM  simulation 
dashed  line;  measurement 
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Cavity  Field  Effects  of  the  Patch  Antenna 
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MoM  simulation 

solid  line:  antenna  in  cavity  dashed  line:  antenna  in  half-space 


Cavity  Field  Effects  of  an  IMPATT  Diode  Oscillator 
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solid  line:  oscillator  in  half-space  dashed  line:  oscillator  in  cavity 

dotted  line:  MoM  simulated  scaled  reflection  coefficient  magnitude 


Driving  Point  Impedance  on  Expanded  Smith  Chart 


markers  show  oscillation  frequencies 
£)  =  61.25cm  D  =  61.4cm 


8.665  GHz 


8.65125  GHz 


/  \  8.6435  GHz 
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8.648  GHz 


MoM  simulation  from  8.63825  GHz  to  8.67  GHz 
solid  line:  oscillator  in  cavity  dashed  line:  oscillator  in  half-space 


extended  unit  cell 


MAGNITUDE  S11 


^ummai^ 

•  Full-Wave  Field  Analysis  Tools  Developed  for  Quasi-Optical  Power 
Combiners 

•  Incorporates  Dyadic  Green’s  Functions  Developed  for  each 
Quasi-Optical  System 

t  MoM  Scheme  Utilizing  Both  Spatial  and  Spectral  Domains  for 
Efficient  Computation  of  the  Moment  Matrix  Elements 

•  Finite  Sized  Structures  =^>  No  Unit-Cell  Approximations 

•  Accurately  Predicts  the  Driving  Point  Impedance 

•  Simulated  Results  Compare  Favorably  with  Measurements 
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/lissiles  Seeker  Radars 


is  a  higher  power  radar  operating  at  a  higher 
frequency  _ _ 


Missile  Seeker  Radar 
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Frequency 


Missile  Seeker  Radar 


millimeterwave  frequencies 

-  Higher  frequency  and  breakdown  voltage  devices 

-  Power  combining  techniques 


Millimeterwave  Device 
Technology 
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liillimeterwave  Technologies 
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•  Power  combining  techniques  are  required  for 
high  output  power  levels — quasi-optical 


Radar  Cost  Drivers 
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Quasi-optical  power  combining  of  low  cost  cells 


TECHNOLOGY  COST  AND  PERFORMANCE 
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Program  Goals 


Long  Term — Yr  2005 

-  100  Watts  @  100  GHz  for  $100 


Conclusions 


required  to  achieve  the  desired  povrer 
levels  - 


03 


C/3  L- 

O  ^ 
o 


M 

O 


E 

03 

O 

*0 

CO 

tz 

03 

c 

CO 

CO 

Q. 

a. 

*43 

CO 

O 

Z3 

O 

£ 

O) 

•  a^M 

E 

c. 

•  MM- 

on 

^  CO  CO 

<  i  C 

c  c 

CO  03 

4:3  :s  -g 

S,^  ^ 

5  CO  Q. 

CO  =)  i. 


M 


C/D 

03 


CD 

CO 

CO 

03 


C3  -5 


CO 


O 

CO 

'co 

Q. 

lo 


^  a 

.  .  C3) 

;S  o 

CO  ^ 
“O  O 
oj  CO 
2  03 

o 


CO 


o. 


I 

i 


developed  with  UCSB  ^  RockuuBU 

THESE  ARE  ALL  TRANSMISSION  TYPE  PWAs  sc^e.n« 


Gausslsn  Powar  Beam 


Amplifier  diameter  increases  to  accomoaaie 

Gaussian  optic  lenses  required  for  wavefront, management 


Waveguide  Is  designed  to  maintain  a  uniform  ^ 

cross  section  power  density.  Three  stages  of  ^  RockweU 

amplification  are  cacaded  in  this  conceptual  sketch  Science  Center 


Science  Center 


gosonovsr.nodos 


Plaiii 


SCP.0929A.081 595 


SC;P.092BA.081595 


I 

! 


AO 


(tugp)  idMOd 

o  2 

^  ^ 


VO 


lO 


CO 


lO 

I 


0 

o 

0 

c 

o 


g  CVJ 
T3  cvj 
QD  I 


& 

CD 

o 

•  4iHB  . 

0  O 

2  1 

2, 

w 

CO 

O  Q. 

fifi  1 

1 

Q. 

3 

a 

c 

‘v. 

0 

t3 

0 

imm 

0 

1  = 
05  -S’ 

1  o 

jC 

O 

CO  CO 

0 

E  ^ 

CO  1- 

O 

•  • 

L 


PHEMf 


eas  11/14/95  20 


inmWave  Plana  \Wava  AinpHiiers 


ZTi 


! 


o  UJ 

^  S 

R  S3  ^  Q- 

!^S33 


<3 


LU 


<  O 


I 

I 


S  ^ 

UJ  ^  S  -■- 

c/)  QC  o  LU 

<  O  UJ  O 
CQ  11.  I—  z 

uj  ^  3>  ^ 

CD  <  LU  S 


=  UJ 


U.  CD 
GC  CD 
UJ  3 
O.  CD 


CD 


UJ 


<  ^ 


CD  U 

3  2 
lS  < 
z  ^ 

UJ  O 
^  CD 


Science  Center 


mmWave  Plana  Wave  Amplifiers 


CD 

CD 

go 

’a 


U  'XauaipuH  Moiej 


(C 

C 

c; 

B 


cd 


o; 


cd 


X 

w 


Slot  -  Slot  Unit  Cell 
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QUASI  OPTICAL  POWER  COMBINING 
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Improvement  of  device  (PHEMT)  efficiency  enabling  up  to 
1 00  watts  at  W-band 


HIGH  POWER  MILLIMETER  WAVE  APPLICATIONS 


Inter-Sattellte  Hi  Rojolution 

Communication  Radar 


EXAMPLE  OF  QUASI-OPTICS  man  >1996 
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RADAR  SEEKER  TRANSMITTER 
REQUIREMENTS 


Quasi-Optical  Scanned  mmW  Antennas  wge 


Arbitrary  Coupling  Network 


New  Beam-Scanning  Method 


Arbitrary  Coupling  Network 


Linear  VCO  Array 


Imoroved  Scanning  Oscillator  Svstem 


amplifier  array  for  best  efficiency,  also  simplifies  oscillator  design 
low  phase  noise  by  locking  to  stable  reference 


Enhanced  Scan  Any! 


Results  for  6x2  array 
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Circuit  Layout  of  Plan;ir  Amplifier  Array 
Using  Folded-Slot  Antennas 
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Fokied-slot  antennas  are  attractive  for  active  arrays  because  they  are  simple 
to  make  ( one  mask  step  )  and  can  be  easily  integrated  with  three-terminal 
devices  (  HEMT  and  HBT ). 


Comparison  Between  Measurement  and 


Great  flexibility  of  analyzing  different 
circuit  configurations. 


FDTD  is  a  great  visual  tool  for 
electromagnetic  problems. 


TmneHance  Scaling  using  Multiple  Slots 
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Themial  design: 

•  efficiency  and  array  size 
(total  output  power) 

•  array  topology 
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Queisi-Optical  Research 
at  the  University  of  Colorado 

Zoya  Popovic 
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University  of  Colorado,  Boulder 


Students: 


Funding: 


Scott  Bundy 
Tom  Mader* 

Jon  Schoenberg* 
Wayne  Shiroma 
Milica  Markovic 
Jon  Dixon 
Stein  HoUung 
Eric  Bryerton 
Michael  Forman 

Joe  Tustin 
Robert  Brown 


NSF 

ARO 

Lockheed  Martin 
Compact  Soft. (Air  Force) 
Compact  Soft.(ARPA) 
NAWC,  China  Lake 
CAMI,  ETAP 
MURI  (U  of  M) 

SCT  (Air  Force) 


•  now  with  SCT,  Inc.,  Golden,  CO 

•  now  with  Hughes,  El  Segundo 

•  now  with  Phillips  Airforce  Labs,  Albaquerque 


iVlAR  •)  6  1996 


Recent  advances  in  quasi-optics  at  the  University  of  Colorado 

1994  and  1995,  Zoya  Popovic 

Amplifiers; 

4  24-element  patch  lens  amplifier  transmitter,  9dB  absolute  power  gain,  10  GHz. 

^  24-PHEMT  lens  amplifier  receiver  with  2-stage  LNAs,  13  dB  gain,  1.9  d©  noise 
figure,  30  dB  isolation,  10  GHz. 

^  4-MESFET  high-efficiency  power  amplifier  array,  2.4  W  at  5  GHz,  74%  drain 
eff.,  64%  PAE,  84%  power-combining  eff. 

4  Design  of  2-Watt  Ka-band  array  (with  Lockheed  Martin,  Orlando). 

^  Monolithic  60-GHz  HEMT  array  (with  Lockheed  Martin,  Baltimore). 

♦  Mviltistage  lens  amplifiers,  X-band. 

Oscillators  and  mixers: 

4  Three-dimensional  grid  oscillators,  100  HEMTs  in  4  grids  at  5  GHz. 

♦  Dual-frequency  grid  oscillator  using  an  electronically  tunable  frequency  selective 
surface,  4  and  6  GHz. 

4  Design  of  36-MESFET  Ka-band  high  power  hybrid  oscillator  (with  NAWC, 
China  Lake). 

4  Design  of  monoUthic  100-HEMT  Ka-band  oscillator  (with  TLC,  SBffi.  I  and 
Honeywell). 

4  Grid  oscillators  as  self-oscillating  mixers,  5  and  10  GHz,  100-800  MHz  IF. 

Other  components; 

4  Linear-to-circular  polarizer,  X-band,  1.1  dB  loss,  1.2  dB  axial  ratio. 

4  Isolator,  X-band,  -19  and  9dB  isolation  for  the  V  and  H  components. 

4  Digital  phase  modulators,  X-band,  0-90  and  0-180  deg  in  transmission. 

4  Electronically-tunable  partiaUy  transparent  reflector  (FSS),  30%  tuning,  trans¬ 
mission  0.1  to  1  from  2  to  10  GHz. 

Subsystems; 

>  Two-stage  power  combining  with  28-HEMT  grid  oscillator  feeding  a  24-HEMT 
lens  amplifier,  X-band. 

4  Beam  steering,  beam  forming  and  beam  switching  with  lens  amplifier. 

4  Receiver  with  lens  amplifier  and  grid  subharmonic  seif-oscilating  miXer,  C-X 
band. 

4  Angular  diversity  with  a  receiving  lens  amplifier,  X-band,  -30  to  30  deg. 


Quasi-Optical  Amplifier  Feed  Techniques 

MAR  1996 


IsBBpKA  Wave 


Quasi-Optical 

Amplifier 


Diffiacted  Wave 


Amplified  Wave 


DifBracted  Wave 


Lens 

Amplifier 


Collimated 

Beam 


QgHii.Opbcai  Gnup 
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Absolute  Gain  and  Isolation  for  24-Eiement  Cl 


Noise  Figure  and  Associated  Gain  for  24-Sement  Cl 
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The  Quasi-Optical  Class-E  Power  Amplifier 
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•No  vias 

•No  lumped  elements 
•Good  heat  sinking 
CH%  •Polfi^rization  isolated 
•Broadband  structure 
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Harmonic  Balance  Circuit  Simulations 
Using  an  Ideal  Switch  Model  at  5  GHz 
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Unlocked  spectrum  with  a  partially  Locked  mode  achieved  using  a 

reflecting  front  mirror  variable-reflectance  mirror 
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Measured  Beamforming  of  the  Patch-Palch  Leiis  ArimpJjler 
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Quasi-Optical  Receiver  with  Angle  Diversity 
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Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 


•  Low-Cost  Manufacture 
.  Research  Strategies 
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A  5-in.  antenna  receives  the  microwave  signal. 


Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 


Frequency  (MHz) 


Millimeter-wave  Wireless  Laboratory 


Millimeter-wave  Wireless  Laboratory 


Coupled  Oscillator  Array  Distributed  Grid  Array 


Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 
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Millimeter-wave  Wireless  Laboratory 


Frequency  (GHz) 


Millimeter-wave  Wireless  Laboratory 
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RF  Circuits  and  Devices 


Grid  Array  Power  Availability 

Versus  Frequency  and  Side  Length 


Lockheed  Martin  Proprietary 


6  by  6  Array  with  3  by  3  Amplifier 
and  Polarizer  in  Test  Fixture 


COMPETITION  SENSITIVE 


Measured  Results 
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V-Band  Monolithic  PHEMT  Grid  Amplifier 

(Lockheed  Martin  and  Cal  Tech) 

•  36  elements  at  50  GHz  center  frequency 
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36  Element  Single  Cell 

Grid  Array  Design 


Key  Elements  of  Amplifier  Tested 


Lockheed  Martin  Proprietary 


Constrained  Package 
Amplifier  Results 
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Results  courtesy  of  Dr.  A.  Mortazawi.  Univ.  Central  Florida 

•  Efficiencies  as  high  as  16.5%  and  power  over  100  mw  measured  under  different  conditions;  second  stage  efficiency  was  25% 
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Liquid  Cooling  '  9^  riquld  cooling  test  at  MMC  Demo  50  watt  capacity 
Cooiina  I  95  f  Coupling  through  ground  Metal  grd  planes  permit 

I  planes  i  conduction  cooling 


SI-OPTICS  POWER  AMPLIFIER  CHARACTERISTICS 

CURRENT  AND  PROJECTED 


GRID  AMPLIFIERS 

David  Rutledge,  Caltech 

Hybrid  10-GHz  pHEMT  3.7-W  grid  amplifier— 
Michael  DiLisio  and  Scott  Duncan,  Lockheed-Martin 

Monolithic  40-GHz  HBT  650-mW  grid  amphfier— 

Jeff  Liu  and  Emilio  Sovero,  Rockwell  Science  Center 

MonoUthic  44-60  GHz  pHEMT  grid  amphfier— 
Michael  DiLisio  and  Sandy  Weinreb,  Lockheed-Martin 
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A  Grid  Amplifier 


Input  Active  Grid  Output 
Polarizer  Polamer 


Cross-polarized  input  and  output. 

Provides  good  isolation 


Allows  indepenent  tuning  of  input  and  output  circuits 
through  metal-strip  polarizers 
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GRID  AMPLIFIERS 


David  Rutledge,  Caltech 


Hybrid  10-GHz  pHEMT  3.7-W  grid  amplifier — 
Michael  DiLisio  and  Scott  Duncan.  Lockheed-Maxtin 


Monolithic  40-GHz  HBT  650-mW  grid  amphfier — 
Jeff  Liu  and  Emilio  Sovero,  Rockwell  Science  Center 


Monohthic  44-60  GHz  pHEMT  grid  amphfier — 
Michael  DiLisio  and  Sandy  Weinreb,  Lockheed-Maxtin 


Assembled  Grid  Amplifier 


Input  Active  Grid  Output  Output 
Polarizer  cell  aze  »  7Jnun  Polamcr  Tuner 


1.6mm  3.6mm  1.6mm  3.2mm 

EralZ  e,a2.2  6,-12  8,-12 


Transmission-line  Equivalent  Circuit  at  9GHz 
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Input 
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Amplifier  Gain,  dB 


Grid  Amplifier  Gain  Curves  ' 

Amplifier  tuned  to  9GHz. 


Peak  gsin  12dB  at  8.9GHz. 
3-dB  bandwidth  of  1.3GHz  (15%). 
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Grid  Amplifier  Power  Saturation 


Amplifier  tuned  to  9GHz  to  match  TWT  output 


3.7W  saturated  output  power 


Noise  Figure,  dB 
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Grid  Amplifier  Noise  Figure 

lOGHz  amplifier  with  output  tuner 


Fmin,  with  gate  resistor 
Fmin,  without  gate  resistor 


Frequency,  GHz 


Oscillation  suppression  gate  resistors  probably 
increase  noise  figure. 
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Angular  Dependence 


Mar  n 


Grid  Amplifier 
(Output  tuner  removed) 


TE  In,  TM  out 
fa  10.1GHz 
G  a  9.3dB 
3.5V,  2.8A 


■heoretical  curves  generated  by  scaling  oaMinission  line  >  cos9, 

-\nd  TE  imoedances  by  sec0,  and  TM  impedances  by  cos9, 


Angular  Depende 
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TE  out 


Grid  Amplifier 
(Output  tuner  removed) 


TM  in,  TE  out 
f  a  lO.IGHz 
G  =  9.3dB 
3.5V,  2.8A 
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Angle,  degrees 
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3jid  TE  impedances  by 


es  eeneiated  by  scaling  transmission  line  W  cose, 

tole^ces  by^ece,  and  TM  impedances  by  cosO. 
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100-Element  pHEMT  Grid  Amplifier 

Chips  febricated  by  Lockheed  Martin  Laboratories,  Baltimore 

Summary  of  Results 


Gain  and  stability  models  developed  and  verified. 

Grid  constructed  using  Martin  Marietta  0.1-um  pHEMTs. 

Spurious  common^ode  oscillations  suppressed  with  chip 
resistors  in  the  gate  leads. 

Measured  gain  of  lOdB  at  lOGHz  and  12dB  at  9GHz. 

1  15%  3-dB  bandwidth  at  9GHz. 

>  Accepts  beams  with  incidence  angles  up  to  30 . 

t  Measured  minimum  noise  figure  of  3dB  at  lOGHz. 

I  3.7W  maximum  saturated  output  power  at  9GHz. 

»  Peak  power-added  efficiency  of  12%  at  9GHz. 

Peak  device  efficiency  of  20%. 
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Grid  Amplifier  Output  Radiation  Pattern 

H-plane  pattern  of  grid  tuned  for  lOGHz  without  output  tuner. 

Normally-incident  input 


Theoretical  pattern  assumimg  uniform  array  of  10  elemntary 

dipoles  spaced  7.3inm  apart 

Measured  pattern  is  diffraction-limited. 
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GRID  AMPLIFIERS 

David  Rutledge^  Caltech 

•  Hybrid  10-GHz  pHEMT  3.7-W  grid  amplifier— 
Michael  DiLisio  and  Scott  Duncan,  Lockheed-Martin 

Monolithic  40-GHz  HBT  650-mW  grid  amplifier — 

Jeff  Liu  and  F.milio  Sovero,  Rockwell  Science  Center 

Monolithic  44—60  GHz  pHEMT  grid  ampUfier 
Michael  DiLisio  and  Sandy  Weinreb,  Lockheed-Martin 


Monolithic  Grid  Amplifier 


9661  So  avw 


Science  Center 


Science  Center 
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Summary 

of 

Monolithic  HBT  Grid  Amplifier 


Gain  Measurement 
Gmaxi  5(iB  @  40GHz 
3-dB  Bandwidth;  i.SGHz  ;  4.5% 


Power  Measurement 
Maximum  Output  Power:  670mW 
Maximum  Power-Added  Efficiency;  4% 
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GRID  AMPLIFIERS 

David  Rutledge,  Caltech 


•  Hybrid  10- GHz  pHEMT  3.7-W  grid  amplifier — 
Michael  DiLisio  and  Scott  Duncan,  Lockheed-Martin 

•  Monolithic  40- GHz  HBT  650-mW  grid  amplifier — 

Jeff  Liu  and  Emilio  SoverpJ,ockwell  Science  Center 

•  Monohthic  44-60  GHz  pHEMT  grid  amplifier — 
Michael  DiLisio  and  Sandy  Weinreb,  Lockheed-Martin 


Amplifier  Gain. 
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Grid  Amplifier  Tuning  Range 


Frequency,  GHz 


44^0GHz  tuning  range. 

Output  tuner  used  for  60GHz  gain  curve. 


36-Element  Monolithic  pHEMT  Grid  Amplifier 

Grids  fabricated  at  Lockheed  Martin  Laboratories,  Baltimore 

Summary  of  Results 


Grid  constructed  with  Lockheed  Martin  0.1-um  pHEMT’s. 


Grid  can  be  tuned  by  changing  polarizer/tuner  positions. 
Measured  gain  of  6.5dB  at  4AGiiz  and  2.5dB  at  60GHz. 


6%  3-dB  bandwidth  at  54GHz. 


Gain  reduced  by  5dB~possibly  due  to  diffiraction  losses 
from  the  small  grid  (V2). 


Could  be  used  as  a  Travelling  Wave  Tube  (TWT) 
replacement. 


GRID  AMPLIFIERS 

David  Rutledge, ^  Caltech 


Hybrid  10-GHz  pHEMT  3.7-W  grid  ampUfier— 
Michael  DiLisio  and  Scott  Duncan,  Lockheed-Martin 

Monolithic  40-GHz  HBT  650-niW  grid  ampUfier— 

Jeff  Liu  and  EmiUo  Sovero,  RockweU  Science  Center 

MonoUthic  44-60  GHz  pHEMT  grid  ampUfier— 
Michael  DiLisio  and  Sandy  Weinreb,  Lockheed-Martin 
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efficiency  and  array  size 
(total  output  power) 
array  topology 


